Introduction
============

In the seminiferous epithelium of the mammalian testis, a dramatic turnover of intercellular junctions occurs during spermatogenesis. At the apex of the epithelium, large adhesion junctions disassemble to free fully developed sperm from their attachment to Sertoli cells.[@R1]^,^[@R2] At the base of the epithelium, between neighboring Sertoli cells, massive belt-like junction complexes disassemble above and re-assemble below the next generation of spermatogenic cells as these cells translocate from basal to adluminal compartments of the epithelium.[@R3]^,^[@R4] Elaborate structures termed tubulobulbar complexes develop at intercellular junctions during junction re-modeling both at apical and at basal sites of attachment in the seminiferous epithelium.[@R5]

Tubulobulbar complexes are filament-related membrane protrusions of either a spermatid (apical sites) or a Sertoli cell (basal sites) that extend into invaginations in the adjacent Sertoli cell.[@R5] Each complex consists of an elongate double-membrane core that is surrounded or cuffed by a dendritic actin network and is capped at its end by a clathrin-coated pit.[@R6] As the complex matures, a swelling or bulb develops in the distal third of the structure that is devoid of actin and has a close association with a cistern of endoplasmic reticulum. The bulb "buds" from the complex and enters endocytic compartments of the Sertoli cell.[@R7]^,^[@R8]

Tubulobulbar complexes have the molecular signature of clathrin-based endocytosis machinery present generally in cells, and also have some similarities to membrane tubules formed in cell-free systems, and to podosomes that form at specialized sites of attachment between cells and extracellular matrix.[@R9]^-^[@R13] There is now a substantial amount of data indicating that tubulobulbar complexes are subcellular machines that internalize intercellular junctions both at apical sites of attachment between Sertoli cells and spermatids during sperm release, and at basal sites of attachment between neighboring Sertoli cells as part of the mechanism of spermatocyte translocation.[@R14]^-^[@R19]

At apical adhesion junctions between Sertoli cells and spermatids in the rat, tubulobulbar complexes are organized in two rows along the concave face of each hook-shaped spermatid head.[@R5] The structures appear uniformly spaced within each row and can number as many as 24 complexes per spermatid head.[@R5] Although numerous components around the membrane core and within the actin cuff have now been identified,[@R6]^,^[@R9]^,^[@R20]^-^[@R22] elements that surround the dense actin networks and relate one tubulobulbar complex to its neighbors are not as well defined. In other systems, elements of the spectrin cytoskeleton and members of the plakin family of proteins have been found to surround actin-rich structures and link one structure to its neighbors.[@R23]^-^[@R26]

Spectrin is a tetramer that consists of two identical heterodimers linked head to head with a total length of approximately 200--260 nm.[@R27] Each dimer is composed of an α- and a β-chain that are positioned side-by-side in an anti-parallel orientation.[@R27] The N terminus of β-spectrin has a calponin-homology (CH) domain that binds F-actin.[@R27] The first spectrin repeat of the β-chain also is able to bind to F-actin. EPB41, a spectrin-associated molecule, caps the minus end of actin filaments, promotes the spectrin-EPB41-actin complex, and binds to the plasma membrane.[@R27] The spectrin cytoskeleton formed by spectrin together with its associated proteins ankyrin, adducin, and EPB41, and short actin filaments, is best known as a sub-membrane skeleton where it supports the plasma membrane and stabilizes membrane domains.[@R27]^,^[@R28] Significantly, spectrin also has been found as part of the terminal web of enterocytes where it links the roots of microvilli to each other, and surrounding actin-rich pedestals formed by host cells in response to attaching and effacing bacteria.[@R24]^-^[@R26]^,^[@R29]

Plectin is a member of the plakin family of proteins. It is a 300 kDa protein that exists as a homotetramer under physiological conditions and has a dumbbell-like structure that spans 200 nm.[@R30]^,^[@R31] Plectin links intermediate filaments to attachment sites in addition to being a somewhat indiscriminate cytoskeletal crosslinker that can bind to microfilaments, intermediate filaments, and microtubules. In addition to linking the cytoskeleton, particularly intermediate filaments, to junctions, plectin also has been found to surround the actin-rich zone of podosomes and to span the distance between adjacent podosomes.[@R23] Interestingly, plectin and spectrin are found together at podosomes.[@R32]^,^[@R33] Moreover, spectrin and plectin have been reported to bind to each other.[@R34]

Although spectrin has been found in spermatogenic cells and in Sertoli cells,[@R35]^-^[@R39] it has not previously been identified at tubulobulbar complexes; however, plectin has been localized to the sites and has been suggested to facilitate development of the tubular form of the complexes.[@R40]

Here, we demonstrate that elements of the spectrin cytoskeleton (spectrin and EPB41) are present in regions associated with tubulobulbar complexes. These elements appear to surround each complex and occur around and between the actin cuffs. Plectin has a similar staining pattern. We propose that a spectrin/plectin network surrounds or forms a shell around the actin network of each tubulobulbar complex and may provide a scaffold that supports and facilitates the elongation of the actin cuff. Elements of the spectrin/plectin system that are concentrated between the tubulobulbar complexes may link one complex to the other and participate in determining the spacing pattern.

Results
=======

Spectrin is concentrated at apical tubulobulbar complexes in the seminiferous epithelium
----------------------------------------------------------------------------------------

In cryo-sections of fixed testis labeled for actin, DNA, and spectrin, the position of ectoplasmic specializations, tubulobulbar complexes, nuclei, and the localization of spectrin were clearly visualized in the seminiferous epithelium ([Fig. 1A](#F1){ref-type="fig"}). Although the spectrin antibody reacted weakly with cells throughout the seminiferous epithelium, it appeared concentrated in apical regions of stage VII epithelium in Sertoli cell regions adjacent to the concave face of the hook-shaped spermatids (arrows in [Fig. 1A and B](#F1){ref-type="fig"}). These regions are known from previous work and from the actin staining to contain dense clusters of tubulobulbar complexes. This pattern of labeling with the spectrin antibody was absent in controls ([Fig. 1C--E](#F1){ref-type="fig"}).

![**Figure 1.** Spectrin distribution in the seminiferous epithelium. (**A**) Shown here is a section of stage VII seminiferous epithelium labeled with probes for spectrin, actin, and DNA. Although the spectrin antibody reacts generally throughout the epithelium, it is most concentrated adjacent to the concave face of the hook-shaped late spermatids at the apex of the epithelium (arrows). These regions contain tubulobulbar complexes that also label for actin. The pattern of staining with the spectrin antibody (**B**) is absent when the primary antibody is replaced with normal mouse IgG (NMIgG) (**C**), when the primary antibody is replaced with buffer alone (**D**), or when both the primary and the secondary antibodies are replaced with buffer alone (**E**). Bar = 20.0 μm.](spmg-3-e25733-g1){#F1}

When western blots using the spectrin monoclonal antibodies were performed, one prominent band was observed at the expected 280 kDa molecular weight both in whole testis and seminiferous epithelium lysates ([Fig. 2](#F2){ref-type="fig"}). Blots for normal IgG controls showed no discernable band at that molecular weight.

![**Figure 2.** Western blot of testis and seminiferous epithelium lysates labeled with the spectrin antibody and with normal mouse IgG. A single band at the appropriate molecular weight for spectrin (asterisk) is present in material labeled with the spectrin antibody that is not present in material labeled with normal mouse IgG. To control for protein loading, bots were stripped and re-probed for calnexin.](spmg-3-e25733-g2){#F2}

Spectrin is located around and between apical tubulobulbar complexes
--------------------------------------------------------------------

The localization of spectrin in regions containing clusters of tubulobulbar complexes was dramatically evident when apical processes of Sertoli cells that contain mature spermatids were mechanically fragmented away from the seminiferous epithelium ([Fig. 3A](#F3){ref-type="fig"}) and visualized at high magnification using conventional immunofluorescence microscopy ([Fig. 3B--E](#F3){ref-type="fig"}). In each fragment, the position of the spermatid nucleus was indicated with DAPI staining ([Fig. 3B](#F3){ref-type="fig"}), the localization of spectrin was probed with antibodies ([Fig. 3C](#F3){ref-type="fig"}), and the exact positions of tubulobulbar complexes were indicated by treating the fragment with fluorescent phalloidin ([Fig. 3D](#F3){ref-type="fig"}). The spectrin labeling appeared diffusely localized around the cluster and also appeared to form linear tracts (arrowheads in [Fig. 3C](#F3){ref-type="fig"}) of dense staining that occurred between individual tubulobulbar complexes indicated by the actin staining (arrows in [Fig. 3D](#F3){ref-type="fig"}). This was particularly evident when images of the spectrin, actin, and DAPI channels were merged together ([Fig. 3E](#F3){ref-type="fig"}). A similar pattern of spectrin staining was absent when normal mouse IgG was substituted for the primary antibody at the same protein concentration ([Fig. 3F](#F3){ref-type="fig"}).

![**Figure 3.** Localization of spectrin in a Sertoli cell apical process containing a late spermatid when analyzed using conventional fluorescence microscopy. The position of the spermatid head is clearly evident in the phase image (**A**) and when labeled with DAPI for DNA (**B**). Although the probe for spectrin generally labels in a diffuse pattern in the area adjacent to the concave face of the spermatid head, there are periodic linear tracts where the staining is more intense (arrowheads). These linear tracts appear similar to the labeling pattern for the actin networks of tubulobulbar complexes (arrows) (**D**); however, when the spectin and actin channels are merged, it is clear that the linear tracts of spectrin concentration actually appear between the actin networks of adjacent tubulobulbar complexes (**E**). No staining pattern similar to labeling with the spectrin antibody is present when the primary antibody is replaced with normal mouse IgG (**F**). Bars = 5.0 μm.](spmg-3-e25733-g3){#F3}

To verify that spectrin was present around and between the actin-rich cuffs of tubulobulbar complexes, we visualized labeled fragments using the confocal microscope, and also analyzed the data sets in three-dimensional reconstructions of the Z-stacks using Velocity software. In spectrin ([Fig. 4A](#F4){ref-type="fig"}), actin ([Fig. 4B](#F4){ref-type="fig"}), DNA ([Fig. 4C](#F4){ref-type="fig"}), and merged projections of Z-stacks, it was evident that spectrin (arrowheads in [Fig. 4A and D](#F4){ref-type="fig"}) was excluded from the actin zones (arrow in [Fig. 4B and D](#F4){ref-type="fig"}) of tubulobulbar complexes. Rather, the spectrin staining was found between and around individual tubulobulbar complexes. This was even better visualized in the three-dimensional reconstructions of the same data sets ([Fig. 4E](#F4){ref-type="fig"}).

![**Figure 4.** Localization of spectrin in a Sertoli cell apical process containing a late spermatid when analyzed using confocal microscopy. Shown here are projections of an apical process labeled for spectrin (**A**), actin (**B**), and DNA (**C**). The spectrin antibody labels linear tracts (arrowheads in **A**) that reflect the adjacent positions of actin networks of tubulobulbar complexes (arrow in **B**). When the projections of the channels are merged, the probe for spectrin is concentrated between the actin networks of adjacent tubulobulbar complexes (**D**). This is particularly evident when the Z-stacks are analyzed in 3D using Velocity software. A single snapshot of the 3D reconstruction is shown in panel (**E**). Bars = 5.0 μm.](spmg-3-e25733-g4){#F4}

EPB41 has a similar staining pattern to spectrin
------------------------------------------------

When apical Sertoli cell processes containing late spermatids were mechanically dissociated from fixed seminiferous epithelium and probed for EPB41 ([Fig. 5A](#F5){ref-type="fig"}), actin ([Fig. 5B](#F5){ref-type="fig"}), and DNA ([Fig. 5C](#F5){ref-type="fig"}), the staining pattern for EPB41 resembled the staining pattern for spectrin. When analyzed by confocal microscopy, EPB41 was concentrated in linear tracts (arrow heads in [Fig. 5A](#F5){ref-type="fig"}) located between the dense actin cuffs of tubulobulbar complexes (arrows in [Fig. 5B](#F5){ref-type="fig"}). This pattern was apparent when projections of the Z-stacks of the channels were merged ([Fig. 5D](#F5){ref-type="fig"}) and when the data sets were analyzed in three dimensions using Velocity software ([Fig. 5E](#F5){ref-type="fig"}).

![**Figure 5.** Localization of EPB41 in a Sertoli cell apical process containing a late spermatid when analyzed using confocal microscopy. Shown here are projections of an apical process labeled for EPB41 (**A**), actin (**B**), and DNA (**C**). As with spectrin, EPB41 is present in linear tracts (arrowheads in **A**) that reflect the positions of actin networks in adjacent tubulobulbar complexes (arrows in **B**). When the projections of the channels are merged (**D**) or when the Z-stacks are analyzed in 3D using Velocity software (**E**), it is evident that the probe for EPB41 is concentrated between adjacent actin networks of tubulobulbar complexes. The staining pattern for EPB41 (**F**) is absent when normal rabbit IgG is used to replace the primary antibody for EPB41 (**G**). (**H**) Western blot of testis and seminiferous epithelium lysates labeled with the EPB41 antibody and with normal rabbit IgG. A prominent band (asterisk) within the molecular weight for EPB41 is present in material labeled with the antibody that is not present in material labeled with normal mouse IgG, as are a couple of weaker bands at a higher molecular weight. Bars = 5.0 μm. To control for protein loading, bots were stripped and re-probed for calnexin.](spmg-3-e25733-g5){#F5}

Although a distinct pattern of staining was observed in material treated with the EPB41 antibody ([Fig. 5F](#F5){ref-type="fig"}), a similar pattern was absent when the primary antibody was replaced with the same concentration of normal rabbit IgG ([Fig. 5G](#F5){ref-type="fig"}). In western blots of testis and seminiferous epithelium, the EPB41 antibody reacted with a band within the predicted molecular weight range for EPB41L2 isoform 3, which is approximately 90 kDa (RefSeq Accession XP_003753194.1). This band was absent in blots treated with normal rabbit IgG ([Fig. 5H](#F5){ref-type="fig"}). In addition, there were a couple of weaker bands at a somewhat higher molecular weight that also were not present in the IgG controls.

Plectin is located between and around apical tubulobulbar complexes
-------------------------------------------------------------------

Although the general localization of plectin previously has been described in the seminiferous epithelium[@R30] and in apical Sertoli cell processes containing tubulobulbar complexes in the rat,[@R40] we were interested in exploring more precisely the pattern of plectin localization at tubulobulbar complexes. In apical Sertoli cell processes mechanically dissociated from fixed seminiferous epithelium ([Fig. 6A](#F6){ref-type="fig"}), probed for DNA ([Fig. 6B](#F6){ref-type="fig"}), plectin ([Fig. 6C](#F6){ref-type="fig"}), and actin ([Fig. 6D](#F6){ref-type="fig"}), and evaluated by conventional fluorescence microscopy, plectin staining occurred around and between the actin cuffs ([Fig. 6E](#F6){ref-type="fig"}) in a pattern reminiscent of the pattern observed when similar material was probed for spectrin. When the plectin antibody was replaced with the same concentration of normal mouse IgG, no specific staining pattern was observed ([Fig. 6F](#F6){ref-type="fig"}).

![**Figure 6.** Plectin localization in apical Sertoli cell processes. The position of the spermatid head in the apical process is visible in the phase image (**A**) and when the DNA is labeled with DAPI (**B**). The probe for plectin reacts with material in the apical process that appears to form a network adjacent to the concave face of the spermatid head (**C**). Visible within this network are more concentrated bars of staining (arrowheads in **C**) that appear to lie between the tubulobulbar complexes as indicated by the actin probe (arrows in **D**). This alternating actin and plectin pattern is evident when the channels are merged (**E**). A staining pattern similar to that in material treated with the probe for plectin is absent when the primary antibody is replaced with normal mouse IgG (**F**). Bars = 5.0 μm.](spmg-3-e25733-g6){#F6}

Immunoelectron microscopy confirms that spectrin and plectin are excluded from the actin cores of tubulobulbar complexes
------------------------------------------------------------------------------------------------------------------------

When viewed in tissue processed for conventional electron microscopy, the actin networks of apical tubulobulbar complexes are clearly evident surrounding the double-plasma membrane central elements of the complexes, particularly when tubulobulbar complexes are cross-sectioned ([Fig. 7A and B](#F7){ref-type="fig"}). The actin networks appear slightly greater in density than the material surrounding them. When processed for immunoelectron microscopy, gold particles in cross-sections of tubulobulbar complexes labeled for plectin ([Fig. 7C](#F7){ref-type="fig"}) and for spectrin ([Fig. 7D](#F7){ref-type="fig"}) are generally excluded from the actin cores and are concentrated in areas surrounding them. These results are consistent with our immunofluorescence results.

![**Figure 7.** Immunoelectron microscopy of sections labeled for plectin and spectrin. (**A**) In conventional electron micrographs, the actin network surrounding the central plasma membrane elements (arrows) of tubulobulbar complexes is clearly evident as a dense cuff. (**B**) This image is the same as in (**A**), but with the actin rich cuffs circled by the black lines in three of the five complexes. (**C**) The upper two images are of tubulobulbar complexes labeled for plectin, and the lower image is of the specificity control labeled with normal mouse IgG (NMIgG). The arrows indicate the central membrane elements of each complex. Notice that the gold particles are excluded from the actin cores in material labeled for plectin. (**D**) The upper two images are of tubulobulbar complexes labeled for spectrin, and the lower image is of the specificity control labeled with normal mouse IgG (NMIgG). The arrows indicate the central membrane elements of each complex. Gold particles are generally excluded from the actin cores. (**A and B**) Bar = 500 nm. (**C and D**) Bar = 200 nm.](spmg-3-e25733-g7){#F7}

Discussion
==========

Here, we present evidence that a network formed by plectin and spectrin surround apical tubulobulbar complexes in the rat seminiferous epithelium. We speculate that this network may provide a scaffold that supports the growth and maintenance of the actin cuff around the membrane core of each complex, and may link adjacent complexes to each other.

In other systems, plectin and/or spectrin are known to associate with actin-rich structures. In pedestals formed by host cells beneath the attaching and effacing bacteria *Escherichia coli*, a spectrin lattice forms a cage-like structure that surrounds the dense actin core of each pedestal.[@R24] In this system, the spectrin cytoskeleton is essential for pedestal formation.[@R41] In the apical cytoplasm of intestinal epithelial cells, a network of spectrin occurs in the terminal web where it links together the actin cores of adjacent microvilli.[@R25]^,^[@R29] Significantly, both plectin and spectrin have been reported to be associated with podosomes, which resemble tubulobulbar complexes. Here, the proteins surround, but are excluded from, the actin-rich cores of those structures.[@R23]^,^[@R33] Plectin also appears to span between adjacent podosomes. Knock-down of plectin results in fewer, smaller, and abnormally distributed podosomes relative to controls.[@R23]

Spectrin (and its associated protein EPB41) and plectin have a pattern of distribution that indicates that, like at podosomes, the proteins are for the most part, excluded from the actin cuffs that surround the membrane cores of tubulobulbar complexes; rather, the proteins form a network or shell that surrounds the actin cuffs and occurs between individual complexes ([Fig. 8](#F8){ref-type="fig"}). The large size both of spectrin and of plectin is consistent with the proteins generally being excluded from the dense actin networks.

![**Figure 8.** Model of the spectrin and plectin distributions around apical tubulobulbar complexes in the rat. Spectrin and plectin together form a network that is excluded from the actin-rich zones of tubulobulbar complexes; rather this network appears to surround individual tubulobulbar complexes and may link adjacent complexes together.](spmg-3-e25733-g8){#F8}

There are a number of possible functions of the spectrin/plectin network associated with tubulobulbar complexes. The network may provide a scaffold that structurally supports the dentritic assembly of the actin cuff and maintains the elongate form of the complexes that can reach up to 2--3 μm in the rat.[@R5] The suggestion that plectin may facilitate the development of the tubular form of tubulobulbar complexes previously has been suggested.[@R40] Other possibilities are that the network may link individual complexes together, participate in regulating the size of the actin cuff around each complex, and determine the spacing between complexes within each cluster. The observations that intermediate filaments are generally absent from Sertoli cell regions surrounding apical clusters of tubulobulbar complexes and that the plasma membrane of the Sertoli cell is not directly associated with regions that label positively for plectin and spectrin suggest that the spectrin/plectin network is indeed primarily related to the actin cuffs of tubulobulbar complexes and not to linking intermediate filaments to the plasma membrane, or to directly supporting the plasma membrane itself.

It is unclear whether or not a spectrin/plectin network is present around basal tubulobulbar complexes that occur as more solitary structures than the dense clusters of complexes that occur at apical sites.

The presence of a network of spectrin and plectin that surrounds the actin cuffs of tubulobulbar complexes that develop between spermatids and Sertoli cells in the seminiferous epithelium adds yet another level of structural detail to our understanding of these complexes. The functions of this spectrin/plectin network remain to be fully elucidated through experimental manipulation.

Materials and Methods
=====================

Animals
-------

All animals used in this study were reproductively active adult male Sprague-Dawley rats from obtained from Charles River and housed in animal care facilities at the University of British Columbia. Animal procedures were in accordance with guidelines set by the Canadian Council on Animal Care and as approved by the Animal Care Committee at the University of British Columbia.

Chemicals and reagents
----------------------

Most chemicals and reagents used were obtained from Sigma-Aldrich, unless otherwise specified. Solid paraformaldehyde (reagent grade) was obtained from Fisher Scientific.

Antibodies
----------

Primary antibodies were obtained from the following sources and used at the indicated working concentrations for immunofluorescence: (1) mouse anti-spectrin (612562, BD Bioscience) used at 5 μg/ml; (2) rabbit anti-EPB41L2 (HPA006642, Sigma-Aldrich) used at 1.7 μg/ml; (3) mouse anti-plectin antibody P9318 (clone 7A8, Sigma-Aldrich) used at 18.2 μg/ml. For westerns of spectrin and EPB41, antibodies were used at 0.1 μg/ml and 0.125 μg/ml, respectively. Westerns with the plectin antibody are presented elsewhere.[@R30]

Loading controls for western blots were stained with rabbit anti-calnexin (C4731, Sigma-Aldrich), at 1:40,000 dilution.

Secondary antibodies: (a) For immunofluorescence: Alexa Fluor 488- or 568-conjugated goat anti-mouse IgG (H^+^L) (Invitrogen) was used at a working concentration of 1:100 (in TPBS/BSA) (b) For immunoblotting: horse radish peroxidase (HRP)-conjugated goat anti-mouse IgG and HRP-conjugated goat anti-rabbit IgG (Bio-Rad) were used at a working concentration of 1:5,000 in 0.1% BSA/TBST.

Actin filaments were labeled with fluorescently labeled Phalloidin-Alexa568 used as indicated by the supplier.

Normal immunoglobulins used in specificity controls were purchased either from Sigama-Aldrich Canada or Jackson immunoResearch Laboratories.

Tissue preparation for fluorescence microscopy
----------------------------------------------

### Fixation

Animals were placed under deep anesthesia by isoflurane inhalation, the testes were removed and then the animals immediately euthanized while still under deep anesthesia. Spermatic arteries were cannulated with 26-gauge needles and gravity perfused with warm PBS (150 mM NaCl, 5 mM KCl, 0.8 mM KH2PO4, and 3.2 mM Na2HPO4, pH 7.3 at 33 °C) for 2 min to clear blood and then with warm fixative (3% paraformaldehyde, 150 mM NaCl, 5 mM KCl, 0.8 mM KH2PO4, and 3.2 mM NaHPO4, pH 7.3 at 33 °C) for 30 min. Fixation was followed by a 30 min wash with PBS.

### Preparation of cryo-sections

Fixed testes were placed on aluminum stubs with a small amount of optimal cutting temperature compound (OTC) (Sakura Finetek USA, Inc.) between the stub and the tissue and then frozen using liquid nitrogen. Frozen sections (5 μm) were cut, collected on poly-[l]{.smallcaps}-lysine-coated slides, and immediately plunged into cold acetone (-20 °C) for 5 min and then air-dried.

### Preparation of epithelial fragments

Fixed testes were decapsulated in PBS and the seminiferous tubules were mechanically separated into small pieces (1--2 mm cubes) using scalpels and then transferred into a 50 ml Falcon tube. The material was gently aspirated through an 18-gauge needle and then through a 21-gauge needle to fragment the epithelium. Larger material was allowed to sediment for 10 min and the supernatant was collected. Using low-speed centrifugation, epithelial fragments were pelleted and then re-suspended in fresh PBS. This material, containing apical processes of Sertoli cells with attached late spermatids, was then added to poly-[l]{.smallcaps}-lysine-coated slides. The slides were placed in a humidity chamber for 5 min to allow tissue to adhere to the slide. Excess fluid was removed and the slides were immediately placed in cold acetone (-20 °C) for 5 min and then air-dried.

Labeling
--------

Slides with the attached tissue fragments or cryosections were treated with 5% normal goat serum (NGS) in TPBS-BSA (PBS containing 0.05% Tween 20 and 0.1% bovine serum albumin) for 20 min at room temperature. Primary antibodies were added to the experimental slides, made up in TPBS-BSA with 1% NGS, and incubated overnight at 4 °C in a humidity chamber. The material was washed extensively with TPBS-BSA (wash buffer) and incubated for 1 h at 37 °C with secondary antibodies conjugated to fluorochromes. The slides were washed again and then were mounted using Vectashield Mounting Medium (Vector Laboratories, Inc.).

Controls for immunofluorescence included: (1) primary antibodies replaced at the same protein concentration with normal IgG from the host animal in which the antibody was generated (specificity control); (2) primary antibody replaced with buffer alone (secondary antibody control); (3) both primary and secondary antibodies replaced with buffer alone (control for autofluorescence, blank).

Filamentous actin was labeled using phalloidin conjugated to Alexa Fluor® 568 \[Life technology Incorporation (Invitrogen)\]. For each slide, 12.5 μl stock Alexa phalloidin (in methanol) was placed in a glass test tube, evaporated to dryness, and then rehydrated with 25 μl TPBS-BSA and added to the slide.

Imaging
-------

Labeled samples were viewed and images recorded either on a conventional fluorescence microscope (Zeiss Axiophot) fitted with appropriate filter sets for detecting fluorescence and with the appropriate optics for phase contrast microscopy, or on a confocal microscope (Zeiss LSM 510). In addition to projections of data sets from the confocal microscope, Z-stacks also were analyzed using Velocity software. Snapshots of a single view from the 3D reconstructions of the Z-stacks were collected and are included in the figures presented.

Electron microscopy
-------------------

Tissue for conventional electron microscopy was fixed and processed exactly as described by Young and coworkers.[@R16]

Tissue for immunoelectron microscopy was fixed and processed as described by Vaid and coworkers.[@R20] Primary antibodies were used at working concentrations of 0.81 mg/ml (plectin) and 0.05 mg/ml (spectrin). For sections used as specificity controls, the primary antibodies were replaced with the same concentration of normal mouse IgG. The secondary antibody consisted of goat anti-mouse IgG conjugated to 6 nm colloidal gold (25124, Electron Microscopy Sciences) used at a dilution of 1:25.

All sections were imaged on an FEI Tecnai G2 Spirit Transmission Electron Microscope operated at 120 kV.

Western blotting
----------------

Western blot analyses were performed using whole testis and seminiferous epithelium lysates. Testes were removed from animals under deep anesthesia and decapsulated. Seminiferous epithelium was isolated as described elsewhere.[@R20] Both the seminiferous epithelium and whole testis were homogenized in an RIPA lysis buffer (150 mM NaCl, 50 mM Tris, pH 7.4, 5 mM EDTA, 1% Nonidet P-40, 1% deoxycholic acid, and 0.1% SDS) and flash frozen in liquid nitrogen for storage at -80 °C. When ready for use, lysate was thawed at room temperature and the protein concentration determined using a Bradford Assay (Bio-Rad) on a BioPhotometer (Eppendorf). Samples were added to the sample buffer (10% SDS w/v, 0.5M Tris pH 6.8, 30% glycerol v/v, 6% 2-mercaptoethanol, 1.6% bromophenol blue w/v), and heated for 10 min before being loaded onto 1-mm-thick 7% acrylamide gels for SDS-PAGE at equal concentrations as determined by protein assay. Proteins were transferred onto Immobilon-P transfer membrane (Millipore) and then washed for 5 min in 500 mM Tris, pH 7.5, 150 mM NaCl, and 0.1% Tween-20 (TBST). The blots were blocked overnight at 4 °C using TBS containing 4% non-fat milk (sc-2325; Santa Cruz Biotechnologies) to decrease non-specific binding of antibodies. Blots were washed three times with TBST for 10 min each and then incubated at room temperature with relevant primary antibodies and controls at appropriate concentrations. After 60 min, the blots were washed with TBST followed by a 60 min room temperature incubation with a corresponding secondary antibody conjugated to HRP at appropriate concentrations. After washing with TBST, the blots were treated with ECL (Amersham) and bands visualized on Bioflex Econofilm (InterScience). Normal IgG was used at the same concentration as the primary antibody to act as specificity controls. To control for protein loading, the membranes were stripped and re-probed for calnexin.
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